The bimetallic nanothermites, composed often of the core-shell nanoparticles or the nano-scale multilayers, provide a direct interface between two reactive metals and therefore facilitate the thermite reaction without generating excessive gases. This characteristic is extremely important for wire or material joining applications. In this study we investigated the energetic properties and diffusion characteristics of bimetallic atoms in the Al/Pd core-shell nanoparticles. A classic molecular dynamics approach was implemented using a recently reported force field for the Al/Pd binary system. The results suggested that, in order to preserve the core-shell structure of the Al/Pd nanoparticle before being utilized for the material joining purpose, it is essential to maintain an isothermal condition at a lower temperature such as 150K. In addition, a thicker Pd shell will further hinder the diffusion processes within the core-shell nanoparticle.
INTRODUCTION
Nanostructured reactive composites have shown their promising applications in localized material and component joining [1] . There are basically two categories of these composites (also called nanothermites), namely, the metastable intermolecular composites (MIC) which contain aluminum nanoparticles and an oxidizer such as CuO, Fe 2 O 3 , SnO 2 , WO 3 , etc. [2, 3] and the bimetallic energetic nanostructures (e.g., nanoparticles and nanolaminates) of Ni/Ti, Co/Al, Ni/Al, and Pt/Al [4] . Recently extensive experimental and numerical studies have been conducted for developing high-efficiency MIC for a variety of purposes. The focus has been on characterizing the reaction kinetics and investigating the interfacial phenomena of the Al nanoparticles and metal-oxide components [2, 3, [5] [6] [7] . The important findings from these studies include the revelation of the role of O 2 which is generated from decomposition of the oxidizer (e.g., CuO or Fe 2 O 3 ) in sustaining the energy propagation rate of thermite reactions [3] . In addition, thanks to the significant energy release from the thermite reactions, the reduced metals are often at their liquid or gaseous states. Table 1 shows the literature date [8] on the adiabatic reaction temperature and the state of products from a set of representative thermite reactions. The formation and existence of gases, whether they are metal vapors or oxygen, hinder the effectiveness of the join process which prefers the direct contact between the adjacent liquid or solid surfaces. The challenge therefore remains in optimizing locally the temperature profile through achieving a careful balance between the energy generation rate from thermite reactions and the heat transfer rate from the reaction site to surroundings. In contrary to the MIC, these bimetallic nanothermites, composed often of the core-shell nanoparticles or the nano-scale multilayers, provide a direct interface between two reactive metals and hence facilitate the thermite reaction without generating gases. Table 1 shows the thermite reaction between Al and Pd metals which produces the liquid AlPd alloy under the adiabatic reaction temperature. This characteristic is extremely important for wire or material joining applications in microelectronics and MEMS (microelectromechanical systems) devices where the precisely controlled patterning and manufacturing processes are required. Few experimental studies have been conducted on the bimetallic nanothermites, although the energies generated through bimetallic thermite reactions are comparable with the energies generated by the MIC (as shown in Fig. 1) . A recent work investigated the ignition thresholds and reaction velocities of energetic nanolaminates and measured three pairs of metallic components (Ni/Ti, Co/Al, and Al/Pt) [4] . The literature research on energetic core-shell nanoparticles has mainly focused on synthesis and development of nanostructures [9, 10] . Detailed investigations on characterizing the reaction properties of these nanostructures have not been widely reported. Meanwhile, theoretical studies, with the help of Molecular Dynamics (MD) simulations, have been actively conducted in predicting the energetic properties of a variety of core-shell nanoparticles [11] [12] [13] [14] [15] [16] [17] . While most of these studies focused on Al-Ni binary nanostructures, a recent MD work focused on the thermal stability and energetic reaction properties of palladium coated aluminum nanoparticles at temperatures above 300K [18] . That work revealed that for a 5 nm core-shell nanoparticle, a slower solid-state diffusion of the Al atoms occurs at the low temperature such as 300K. When the initial temperature was high (such as 600K and 700K), a two-stage thermite reaction was observed. At the first stage, the reaction rate was limited by the solid-state diffusion of Al atoms in the Pd shell. At the second stage when the system temperature was greater than the melting point of the Al core, the reaction rate increased dramatically due to alloying between the liquid Al core and the Pd shell. At a much higher temperature such as 900K, the thermite reaction occurred directly between the liquid Al core and the Pd shell. The above finding is very important in understanding the reaction mechanism of the Al/Pd core-shell nanothermite. It did not reveal the details, however, on the diffusion characteristics of Al and Pd atoms which control the structural transformation and energetic performance of nanoparticles at low temperatures. Moreover, the study of diffusion processes is very important for determining the rates of thermite reactions which are induced by the diffusion of corresponding atoms. In addition, the study of diffusion processes within the nanoparticle will help determine the temperature which can preserve the core-shell structures upon their synthesis and before being utilized for the material joining purpose. In this work, we aim at elaborating the diffusion characteristics of bimetallic atoms in the Al(core)-Pd(shell) nanoparticles at lower temperatures (less than 300K). The controlling parameters such as temperature and reaction time will be evaluated and their influences to the structural transformation and energy release will be quantified using MD simulations. The major characteristics of the solid-state diffusion processes such as the diffusion coefficients of Al and Pd atoms will be deduced from these analyses.
MOLECULAR DYNAMICS SIMULATION
A classic molecular dynamics approach was implemented in this study by means of an open source software GULP [19] . A recently reported force field for the Al/Pd binary system was used [18] . This force filed uses the EAM (embedded atom method) potentials which were developed on basis of structural parameters for pure Al and Pd metals in the literature [20] . In order to investigate the diffusion processes at lower temperatures from 150K to 300K, initially one Al/Pd core-shell particle was constructed with a diameter of 5 nm and consisted of 2243 Al atoms and 2265 Pd atoms. Both metallic atoms were arranged with their fcc phases. The initial nanoparticle structure is shown in Fig. (2). Note that due to the miss-alignment of the core and shell fcc structures it was almost impossible to create a symmetrical structure for the Al (core) and Pd (shell) system. Thus as shown, the nanoparticle has a thinner Pd upper layer (zone a with less than two monolayers of Pd atoms) and a thicker Pd bottom layer (zone b with two or three monolayers of Pd atoms).
In order to study the diffusion processes occurring in the Pd coated Al nanoparticles with four different initial temperatures, MD simulations were conducted for each initial temperature (ranged from 150K to 300K) and through the following two-stage procedure. The time step was set to 1 fs for all MD simulation cases.
Step 1: Molecular dynamics relaxation. This step simulates nanoparticle structures at the initial temperatures after a specified buffer period. At this step, the MD simulations were conducted up to 1 ps and the canonical ensemble molecular dynamics (NVT) calculations were used. Totally four initial temperatures (i.e., 150K, 200K, 250K and 300K) were simulated when the temperature kept constant for each run.
Step 2: Molecular dynamics production. This step simulates the diffusion processes and structural changes within the nanoparticles. The simulation time was set to 5000 ps. Both the microcanonical ensemble (NVE) and NVT simulations were conducted for studying diffusion properties of the nanoparticle at varying temperatures. There was no periodic boundary condition applied. Each MD simulation took about 48 hours on a Sharcnet cluster with 256 processors. 
RESULTS AND DISCUSSION a) Diffusion Induced Thermite Reactions
Our previous study suggested that for the Pd coated Al nanoparticles the thermite reactions can be categorized into the diffusion induced exothermic (alloying) reactions during which a clear two-stage mechanism was observed [18] . The alloying process of the bimetallic reactants at their condensed phases (the Al core and the Pd shell in this case) can be described by the following reaction [21] .
where Al (core) refers to Al atoms originated from the core, Pd (shell) represents Pd atoms originated from the shell, AlPd (alloy) indicates the newly formed AlPd alloy, and H (<0) is the reaction enthalpy (or the enthalpy of formation of AlPd which is the function of temperature). Note that although Reaction 1 is written in the forms of Al and Pd atoms, it can be used to describe the propagation rate of the alloying process between the Al metal and Pd metal [21] . In this study, since complete alloying of the core-shell nanoparticles never happens during the MD simulations, Reaction 1 was used to characterize the energetic performance of the diffusion of Al and Pd atoms which tends to form the Al-Pd alloy. In order to use Reaction 1, it is essential to identify the phases and energy contents of three participating structures including the reactants (the Al core and the Pd shell) and the product (the AlPd alloy). A recent study [18] suggested that for the AlPd alloy produced from a bimetallic thermite reaction its lattice consists of a space group of Pm3m which satisfies the AlPd B2 phase diagram.
In this work, we further elaborate the energy content of this AlPd alloy.
The preliminary studies on basis of classical potential fields failed in predicting the electronic and bonding structures of the target Al/Pd nanoparticle. The ab initio approach using the GGA-PBE/Plane-Wave basis set and with ultrasoft pseudopotentials was utilized in this study. The energy cutoff was set to 300 eV and the Brillouin zone of 256 k-points in a 8x8x8 k-point mesh was chosen. The density of states (DOS), g( ,r), is defined as
where is energy, r is the coordinate, i is the Kohn-Sham eigenvalue corresponding to the Kohn-Sham orbitals i (r), and ( i ) is delta Dirac function. The partial density of states (PDOS), which is the component of the total density of Fig. (3) . Total DOS of Al and Pd atoms and the AlPd B2 alloy.
states and shows the energy content of individual orbitals, is defined as
where j is the angular momentum component at each orbital such as s, p or d. The DOS calculated for Al and Pd atoms (the reactants) and the AlPd B2 alloy (the product) are shown in Fig. (3) .
Clearly in Fig. (3) , the DOS peaks of the AlPd B2 alloy at the energy spectra of -10.2, -8.1, -7.1 and -6.4 eV attribute to the occupied states of Al and Pd atoms. In addition, these peaks are all below the Fermi level which states the chemical potential of the Al-Pd bond. This indicates that at the AlPd B2 alloy, the bonds between Al and Pd are chemical bonds which are formed from the Al core and the Pd shell and through Reaction 1. Fig. (4) shows the PDOS calculated for each state of Al and Pd atoms in the AlPd B2 alloy. It further reveals, the DOS peak of the AlPd alloy at -10.2 eV results from the overlap between the 4d Pd and 3s Al orbitals while the DOS peaks at -8.1 and -7.2 eV attribute to the overlap between the 4d Pd and 3p Al orbitals. The above ab initio calculation derives an energy release ( H) of -175.7 kJ/(mol AlPd) from Reaction 1. This value agrees well with the previously reported data (-182.5±9.4 kJ/mol) [22] . This energy release, which is calculated for bulk metals and with a periodic boundary condition applied, is different from the energy release generated from the thermite reaction of the core-shell nanoparticle.
b) Energetic Properties of the Diffusion Processes
If the energetic behavior of Reaction 1 is characterized under the adiabatic condition, the total energy (i.e., the summation of the kinetic and potential energies of the Al core, Pd shell, newly formed AlPd alloy and the heat of reaction) should be conserved. During the process, the energy release from Reaction 1 ( H) will cause the temperature increase and subsequently the change in the thermal kinetic energy of the nanoparticle. Table 2 shows the changes in the system kinetic energy KE and the temperature increasing rates from the NVE (adiabatic) simulations. Four nanoparticles with different initial temperatures were simulated over the specified period (5000ps). Fig. (5) shows the MD calculated temperature profiles for four processes indicated in Table 2 . Fig. (5) shows that, when the initial temperature is low, such as at 150K, 200K, 250K and 300K, the system temperature of the Al/Pd core-shell nanoparticle increases with the reaction time. And, more importantly, the temperature first increases with a linear function of the reaction time within the simulation period (up to 3500ps). After 3500 ps, a stage with the accelerated temperature increase is observed for the higher temperature (such as 250K and 300K). Both Fig. (5) and Table 2 show, the higher the initial temperature is, the greater change in kinetic energies (shown as the different temperature increase for different cases) will be derived. And the greatest temperature slope was observed for the initial temperature of 300K. This suggests the larger diffusion rates of Al and Pd atoms at Fig. (4) . PDOS of each state of Al and Pd atoms in the AlPd B2 alloy.
Density of State (States/eV)
higher initial temperatures. It is easy to expect that, with the increasing temperature of the nanoparticle, the melting point of the Al core will be first reached and the thermite reaction between Al and Pd will follow. This confirms a shorter ignition period of the core-shell nanoparticles when the initial temperature is higher.
c) Characteristics of Diffusion Processes within the Al/Pd Core-Shell Nanoparticle
In order to characterize the diffusion process within the core-shell nanoparticles, the pair correlation function g(r), which is defined as the probability of finding the center of a particle (e.g., Pd atom) for a given distance from the center of the other particle (e.g., Al atom), was calculated using the method shown in literature [23] . Fig. (6) shows the g(r) functions calculated at 5000ps for different initial temperatures. During these simulations, the adiabatic condition (NVE) was applied. Fig. (6) shows for all four initial temperatures three major peaks at 2.69, 4.81 and 7.39 Å exist and refer to the heterogeneous structures of the Al core and the Pd shell. Note that the lattice constants for fcc aluminum and palladium are 4.05 Å and 3.89 Å, respectively. The sharper distributions of g(r) at lower temperatures confirmed the more distinguishable core-shell structures at these temperatures. Fig. (7) shows the snapshots of the core-shell structure predicted at 5000 ps for the initial temperature of 300K. Clearly, both the core and the shell remain their crystalline structures though a few Al atoms diffused onto the surface of the Pd shell while some Pd atoms diffused in the Al core. In comparison with the temperature profile shown in Fig. (4) , these diffusion processes of Al and Pd atoms result in a temperature increase of 175K over 5000 ps.
When the MD simulations were carried out under the isothermal condition (NVT), the g(r) curves shows more comparable distributions for all four temperatures, as observed in Fig. (8) . The comparison between Figs. (6, 8) shows that, under the isothermal condition, the three major peaks exhibit higher probabilities and the differences in the g(r) among four temperatures become more uniform. This implies, in order to keep the core-shell structure, an isothermal condition should be established.
The diffusion pathways of Al and Pd atoms within the core-shell nanoparticle can be further characterized using their mean square displacements (MSD) which are calculated by tracking individual atoms. The MSD are defined as
where N is the number of atoms (Al or Pd), t corresponds to time, and r i (t) r i (0) is the vector distance traveled by a given particle over the time interval t. The MSD were calculated for the Al and Pd atoms, respectively, for the specified temperature. The MSD curves provide information on the diffusivities of Al and Pd atoms. General speaking, if the system is liquid, the MSD curve grows linearly with the reaction time. When the system is solid, however, the MSD curve trends to and saturates at a finite value. After the MSD curve is plot as the function of the reaction time, the slope of this curve in a linear region can be used to characterize the diffusion coefficient of the corresponding atom. The correlation between the MSD and the diffusion coefficient D can be written as
(a) (b) (c) Fig. (7) . Snapshots of the Al core and Pd shell predicted during the NVE simulation for the initial temperature of 300K at 0 ps (a) and after 5000 ps: (b) cross-section view; (c) surface view. Fig. (8) . The pair correlation function calculated for the Al/Pd core-shell nanoparticle in NVT at differently initial temperatures after 5000 ps.
where d, the number of system dimensions, is 3 for an overall diffusion, and 1 for a radial diffusion [24] . In this study, the radial diffusion has been applied to describe the diffusion of Under the adiabatic condition with the NVE simulations, the MSD calculated for representative temperatures are shown in Fig. (9) . Because during the simulation period the particle temperature increases with time, the diffusion coefficients of Al and Pd atoms are both changing. It is interesting to observe that, the MSD of Pd atoms are always larger than the values of Al atoms. This can be explained by the higher energy content of Pd atoms than Al atoms at the same temperature. This will be investigated in detail using the following NVT (isothermal) simulations. Fig. (10) shows the MSD calculated at isothermal conditions (NVT) for both Al and Pd atoms within four different nanoparticles. Generally speaking, for a given temperature, the MSD of Pd atoms is always higher than that of Al atoms. This can be explained by a larger energy content (mainly the potential energy) of Pd atoms than that for Al atoms for the simulation period. In addition, it can be observed from Fig. (10) that, sharp jumps of the MSD from 0 ps occur at the beginning of all four simulations. This behavior results from the self-adjustment of the core-shell nanoparticle following the step 1 buffer period. Note that because the core-shell structure preserves over the entire MD simulation period, the radial gradients of both Al and Pd atom concentrations remain almost same (although the maximum gradient exists at the core-shell interface). This implies, according to the Fick's law, the change in MSD values is predominately determined by the diffusion coefficients of these Al and Pd atoms. Following the selfadjustment of the system, for a lower temperature such as 150K, both Al and Pd atoms exhibit the flat MSD curves which show their negligible diffusion coefficients at this temperature. When the temperature is 200K, the selfadjustment periods for both Al and Pd atoms last longer and are followed by the flat curves. When the temperatures are 250K and 300K, the two-stage MSD curves can be observed for both Al and Pd atoms. A similar process was observed in a previous study when a sintering process between two nanoparticles was investigated [25] . For this temperatureindependent MSD behavior, the first stage (shown as the flat line for less than 2000 ps for 300K) corresponds to the lowamplitude vibration of Al and Pd atoms about their own lattices. Then a relaxation process occurs due to the diffusion of Al atoms into the Pd shell and the diffusion of Pd atoms into the Al core (shown as the linear line with a slope). These processes end quickly when the localized gradients of atom concentrations are not big enough to drive a significant mass flux. At the second stage (shown as the flat line for more than 2500 ps) the diffusion of Al and Pd atoms become insignificant and atoms vibrate about their own lattices again. The observation further confirms, when the temperature increases, the degree of atom vibrations become greater (shown as the enlarged change in MSD amplitudes about the top flat line). By using Equation 5, the atom diffusion processes in the core-shell nanoparticle can be Å 2 /ps and 7.335 x 10 -5 Å 2 /ps for 250K and 300K, respectively. For Pd atoms, the diffusion coefficients are 8.856 x 10 -5 Å 2 /ps and 2.063 x 10 -4 Å 2 /ps for 250K and 300K, respectively. It is worthwhile to mention that, these diffusion coefficients refer to the mean coefficients of all participated atoms in the nanoparticle (Al or Pd). The Al   Fig. (9) . MSD of the Al/Pd core-shell nanoparticle in NVE simulations.
atoms at the Al-Pd interface may have a much larger diffusivity comparing to the Al atoms in the core.
It is interesting as well to compare the energy contents of the Pd shell and the Al core. As shown in Fig. (10) , the Pd atoms in the shell have the greater mobility to move away from their lattices and towards the core and the outer space. The initial structure of the nanoparticle shows a Pd shell with the mean thickness of 4.3 Å and the radius of the Al core is 20.7 Å. Based on these values, the surface areas (S) of the Al core and the Pd shell can be calculated as 5384.6 Å 2 and 13238.6 Å 2 , respectively. Given the bulk energy of the nanoparticle as E Bulk and the total energy for the nanoparticle with the surface as E Surface , the surface energy E S is then defined as
The MD simulations provided the energy data for Equation 7 and Table 3 shows the results. Table 3 shows the larger surface energy per unit area of the Pd atoms than that of the Al atoms. The data in Table 3 can be further used to calculate the total energy contents (as the product of S and E S ) of the Pd surface (926 eV) and the Al-Pd interface (318 eV). The much greater surface energy of the Pd shell shows its larger instability and subsequently the greater mobility. Because the surface energy becomes smaller when the nanoparticle size becomes larger and for the Pd shell the larger thickness will significantly reduce the instability of Pd atoms, a thicker Pd shell is preferred for the Al/Pd core-shell nanoparticles in order to preserve their coreshell structures.
CONCLUSIONS
A classic molecular dynamics approach was implemented in this study in order to investigate the diffusion processes of Al and Pd atoms within one 5nm Al/Pd core-shell nanoparticle. The simulations were conducted in adiabatic (NVT) and isothermal (NVE) conditions and up to 5000 ps. The energetic performance of the bimetallic thermite reaction was studied and the diffusion coefficients of Al and Pd atoms within the core-shell nanoparticle were derived. The MD simulations revealed a higher energy content of the Pd shell in comparison with the Al core at the same temperature. When the adiabatic condition was applied, the system temperature kept increasing even the initial temperature was set at 150K. The results further suggested that, in order to preserve the coreshell structure of the Al/Pd nanoparticle before being utilized for the material joining purpose, it is essential to maintain an isothermal condition at a lower temperature such as 150K. In addition, a thicker Pd shell will further hinder the diffusion processes within the core-shell nanoparticle.
